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Abstract 
Owing to their excellent mechanical properties and oxidation resistance at high 
temperatures, sufficient wear resistance, and high chemical stability in various corrosion 
environments, titanium silicides represent a promising candidate as reinforcement for the 
development of light-weight composites. In the present paper, titanium-silicone feedstocks were 
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prepared via three different powder metallurgy routes (milling, blending). As opposed to 
previous silicide-reinforced Ti studies, high silicone content (20 wt%) was used and the powders 
were compacted using spark plasma sintering (SPS) technology. In-situ formation of four distinct 
silicide phases (TiSi2, TiSi, Ti5Si4 and Ti5Si3) was observed. Interestingly, the microstructure and 
phase content of the SPS compacts varied significantly with the powder processing route, despite 
the  initial identical composition. Taking advantage of this, composites ranging from 
relatively soft metal-matrix (52vol.% metallic Ti; using non-milled Ti and coarse or fine-milled 
Si) to hard ceramic-matrix (11vol.% metallic Ti, using fine-dispersed joint-milled mixture of Ti 
and Si) were prepared. All the sintered composites showed superior hardness and wear resistance 
in comparison to pure Ti, though dissimilar wear mechanisms were observed depending on the 
microstructure of the compacts. Importantly, hardness and elastic modulus of intermediate 
compounds TiSi2, TiSi, Ti5Si4 and Ti5Si3 were measured using instrumented indentation 
technique for the first time and are presented in the paper. 





Over the last decades, titanium silicides have attracted great attention as structural materials 
because of superior combination of low density, high temperature strength and excellent 
oxidation resistance. Among them, Ti5Si3 is considered the most perspective owing to its low 
density of 4.23 g/cm3, the highest melting temperature (2130 ºC) among the other titanium 
silicides, high mechanical properties (hardness of 11-12 GPa and elastic modulus of 225 GPa) 
(Yeh et al. 2007; Tang et al. 2008). Its excellent oxidation resistance comparable to that of MoSi2 
and adequate strength and creep resistance at elevated temperatures further make it attractive for 
high-temperature structural applications 
2005). The Ti5Si3 compound was also suggested for possible application in the 
tissue replacements, since the Ti5Si3 layer deposited on the surface of Ti-6Al-4V alloy was 
shown to promote early bonding of Ti implant to bone by inducing a surface apatite layer 
(Kitsugi et al. 1996). Another important silicide is TiSi2 because it combines high-temperature 
properties with relatively high thermal and electrical conductivities that make it suitable 
candidate for diffusion barriers and electronic interconnection applications. However, titanium 
silicides have limited ductility and low fracture toughness of 2-3 MPa·m1/2 (Mitra 1998; 
Frommeyer & Rosenkranz 2004) at low temperatures due to complex low-symmetry crystal 
lattices and/or strong covalent bonding between titanium (Ti) and silicon (Si) atoms. This has 
limited their usage in structural application in bulk condition. Such disadvantage can be 
minimized by using composite approach, when this intermetallic compound acts as a 
reinforcement phase, improving the overall hardness, strength, or wear resistance of the entire 
composite structure, while the ductile Ti phase provides appropriate ductility, fracture toughness 
and machinability. Ti/Ti5Si3 composites have been produced through a variety of methods, 
including arc melting, vacuum sintering, laser assisted deposition, tungsten inert gas (TIG) 
surface alloying, reactive sintering or self-propagating high-temperature synthesis (SHS). 
(Alman & Hawk 1999; Hajbagheri et al. 2008; Alhammad et al. 2008; Tkachenko et al. 2014; 
Tkachenko et al. 2015; Novák et al. 2010; Novák et al. 2013; Alman 2005). However, 
manufacturing of these composites using conventional technologies is often accompanied with 
issues such as excessive grain growth, development of porosity or microstructural 
heterogeneities. In this connection, novel sintering methods of composites manufacturing such as 
spark plasma sintering (SPS) attract great attention due to a number of significant advantages 
over the conventional powder metallurgy methods and other metallurgical approaches. SPS 
demonstrates better sintering due to rapid heating rates, short sintering times (thereby limiting 
the risk of grain growth), and applied external pressure (which improves the densification) (Jia et 
al. 2014). Previous works on SPS of Ti-Si high-energy ball milled powder mixtures with total Si 
content in the range of 0-10 wt.% showed high compactness and good mechanical properties of 
the manufactured Ti/Ti5Si3 composite materials (Handtrack et al. 2006; Park et al. 2016). 
Nonetheless, the effect of the initial powder feedstock parameters on sintering behavior, the 
features of microstructure formation, and the mechanical properties of the sintered products have 
not been studied in detail. The aim of this work was to study the mechanism of microstructure 
formation of the Ti-Si composites during in situ SPS synthesis from Ti and Si powders with 
different particle sizes and morphologies. As opposed to previous papers, the increased amount 
of Si triggered intensive formation of the Ti-silicide reinforcing phases for the composite 
mechanical performance and wear resistance improvement. 
 
2. Exper imental 
 
2.1. Preparation of powder mixtures 
Commercially pure Ti (Sulzer Metco, 11-45 µm) and Si (HC Starck, 20-75 µm) powders 
(particle size distribution D10-D90 was always reported) were used as initial materials to prepare 
three series of powder blends with the same Ti/Si powder ratio (Ti-20wt.%Si), but of different 
powder particle sizes and preparation process conditions. The designations of the powder blends 
and their preparation conditions are presented in Table 1. The TS-1 powder blend was prepared 
through dry mechanical mixing of as-received Ti and Si powders using a jar rolling mixer at 
50 rpm for 2.5 h. To obtain the TS-2 powder mixture with finer Si particles, the as-received Si 
feedstock was milled in a horizontal high energy ball-mill Simoloyer CM01 (Zoz, Germany) at 
250 rpm for 10 minutes. Hardened steel balls of 6 mm in diameter were used as the grinding 
media with the ball-to-powder ratio of 20:1 by weight. The obtained milled Si powder had the 
particle size 0.5-10 µm and was used to produce the TS-2 powder mixture by mixing it with 
initial (non-milled) Ti powder. The third powder mixture (TS-3) was produced by joint milling 
of the initial Ti and Si powders using a planetary ball mill Pulverisette 5 (Fritch, Germany) at the 
revolutions speed of 220 rpm for a total time of 10 h. Hardened steel balls of 10 mm in diameter 
were used as grinding media, added with the ball to powder ratio of 10:1 by weight. The milling 
scheme included 0.5 h of milling followed by 1 h of stoppage for powder cooling. To ensure 
homogeneous milling and to prevent excessive aggregation of the powders in the stainless-steel 
jar, 1 wt.% of hexane was added to the system prior to milling. Initial Ti powder was used as a 













Powder preparation conditions 
TP 100wt.% Ti As-received Ti powder 
TS-1 Ti-20wt.%Si Mixing of initial Ti and Si powder 
TS-2 Ti-20wt.%Si Ball milling of initial Si powder followed by mixing it 
with initial Ti powder 




2.2. In situ synthesis of composites by spark plasma sintering  
Ti-Si composites were manufactured by means of SPS technology using SPS 10-4 system 
(Thermal Technology LLC, USA) equipped with 4000 A DC power supply. Doses of prepared 
powder mixtures of 7 g were placed into a graphite die of 25 mm inner diameter lined with a 
carbon foil to prevent adhesion of the samples with the die walls. Using pulses of direct electric 
current in on/off cycles of 120 ms and 30 ms, respectively, the SPS was carried out in three main 
stages (Fig. 1): 
(I) Degasification of the system at room temperature till a vacuum of 4.5 Pa, heating 
to 500 °C at a heating rate of 100 ºC/min with 10 minutes dwell time to remove 
moisture and organic impurities in the powder. Jointly with the heating, a 
mechanical load was progressively applied up to 60 MPa; 
(II) Heating up to the sintering temperature of 1200 °C at a heating rate of 
100 ºC/min with a subsequent dwell time of 5 minutes and applied constant load 
of 60 MPa; 
(III) Controlled cooling of 100 ºC/min of the chamber to ambient temperature and 
progressive relieving of the load. 
The temperature of the process was controlled using a K-type thermocouple placed in the die 
close to the compact surface. Three samples of approximate dimensions 25 x 5 mm were 
fabricated for each powder mixture for better statistics. 
 
2.3. Microstructural and chemical characterization 
The microstructure of the powders and the sintered samples was studied using scanning 
electron microscope (SEM) Lyra3 (Tescan, Czech Republic) equipped with EDX detector. To 
reveal the microstructure, the sampl 2 vol.% of 
40% hydrofluoric acid (HF), 6 vol.% of nitric acid (HNO3), and 92 vol.% of deionized water 
(Vander Voort 1984). 
Chemical analysis of the samples was done using X-ray Smartlab diffractometer (Rigaku, 
Japan) set up in the Bragg-Brentano geometry with Cu K   = 0.154 nm) operated at 
the current of 30 mA and voltage of 40 kV. The diffraction pattern was collected from 30° to 90° 
with the step size of 0.02° and the scanning speed of 4°/min. The Rietveld refinement of the 
obtained X-ray diffraction (XRD) 
and the crystallographic models belonging to the detected phases. 
 
2.4. Mechanical characterization 
The average hardness of the sintered samples was measured by Vickers indentation 
method applying the load of 49.03 N (5 kgf) with the dwell time of 15 s using Durascan (Struers, 
Denmark) microhardness testing machine. The individual results represent the mean of at least 
15 measurements. Furthermore, an additional information about the micro -mechanical properties 
of the composite constituent phases was provided by the instrumented indentation technique. The 
indentation measurements were performed using the NHT2 tester (Anton Paar, Austria) equipped 
with Berkovich indenter. The indentations were done at a maximum load of 50 mN, with loading 
and unloading rates of 100 mN/s and a dwell time of 15 s. The testing conditions were chosen in 
order to receive a mechanical response from the site of interest only, effectively limiting the 
contribution and influence of the adjacent phases. The values of instrumented hardness Hit and 
elastic modulus Eit were calculated using proprietary software Indentation v.5.18 (CSM 
instruments, Switzerland) based on the Oliver-Pharr model (Oliver & Pharr 1992). 
The wear testing was done using a commercial UMT TriboLab tribometer (Bruker, 
USA), using a reciprocal ball-on-plate scheme. Prior to the testing, the disc samples from 
investigated materials were successively ground with #250-2000 grit SiC papers and finally 
polished with 1 µm diamond suspension using a linen disc. During the testing, the sample 
performed reciprocating movement, while a 9.51 mm-diameter alumina (Al2O3) counterpart ball 
was fixed stationary on top of the plate under an applied normal load. Alumina was chosen due 
to its high hardness and low reactivity. The used parameters of the testing were a normal load of 
10 N, stroke length of 10 mm, stroke frequency of 2 Hz and test duration of 20 min 
(corresponding to a total sliding distance of 24 m). The friction force and sample displacement 
were monitored and recorded in-situ. The specific wear rates of the studied materials were 
quantified according to the Archard's model equation (Archard 1953): 
 (1) 
where the wear volume was calculated as the product of the worn cross-sectional area measured 
with the optical profilometer ContourGT (Bruker, USA) and the total sliding distance. The 





3.1. Phase composition and morphology of feedstock powders 
XRD patterns of the initial powder mixtures designated for the following in situ synthesis of Ti-
Si composites are shown in Fig. 2. In general, t -Ti with the hexagonal 
close packed (HCP) crystal lattice and Si with the face centered diamond cubic lattice. In 
contrast to TS-1 and TS-2 mixtures, the XRD pattern of the TS-3 powder sample after ball 
milling showed significant broadening of diffraction peaks for both Ti and Si components, as 
well as a reduced amount of Si detected (cf. 15.3 wt.% and 19.3 wt.%, 18.4 wt.% in TS-1 and 
TS-2 mixtures, respectively). Interestingly, the position of the diffraction peaks for both Ti and 
Si components in all Ti-Si mixtures did not differ in all samples, indicating similarity of their 
respective lattice parameters. 
The morphologies of the powder mixtures obtained through blending and ball milling are 
presented in Fig. 3. Fig. 3a-c shows the morphology of as-purchased Ti and Si powders in the 
mixture TS-1. The application of the ball milling to the Si powder has resulted in the reduction of 
its particle size from 20-75 µm in the TS-1 mixture to 1-20 µm in the TS-2 mixture (cf. Fig. 3 d-
f). In contrast, concurrent milling of Ti and Si powders (TS-3) resulted in formation of 
agglomerates of 2-20 µm in size (Fig. 3g), comprising of fine dispersion of submicron Ti and Si 
particles. In the agglomerates, both elements were distributed evenly (as could be seen from 
EDX mapping in Fig. 3h-i), thereby presenting a suitable material for the subsequent process of 
SPS synthesis. 
 
3.2. Phase composition and microstructure of spark plasma sintered composites 
The XRD analysis showed that after SPS, all the -Ti with hexagonal close 
packed (HCP) crystal lattice. In addition, Ti-Si composites (samples TS-1, TS-2 and TS-3) 
contained various types of Ti-silicides (Fig. 4). The main phases in the sintered TS-1 sample 
-Ti, pure Si with face centered diamond-cubic lattice and Ti-silicide phases identified as 
Ti5Si3, Ti5Si4, TiSi, and TiSi2. The composite sample TS- -Ti and a smaller variety 
of silicide phases (Ti5Si3, Ti5Si4, and TiSi), while TS- -Ti and 
Ti5Si3 phases only, i.e., for both composites sintered from milled powders (TS-2, TS-3) no initial 
Si or TiSi2 silicides were identified. Furthermore, a characteristic feature of the -Ti phase in the 
TS-3 sample was a significant difference in the parameters of the crystal lattice as compared to 
the same phase in the other two composites (a = 0.2978 nm, c = 0.4862 nm in TS-3 as vs. 
a = 0.2945 nm, c = 0.4679 nm and a = 0.2946 nm, c = 0.4689 nm in TS-1 and TS-2 samples, 
respectively). As found out by the Rietveld quantification of the phases (Fig. -
Ti was the highest (32.4 wt.%) for the sample TS-1 produced from the mixture of the as-received 
powders. In contrast, the TS-2 and TS-3 composites obtained from the milled powders showed a 
reduced percentage of the -Ti phase (18.3 wt.% and 10.2 wt.%, respectively) and increased 
amount of silicide compounds. 
The typical microstructure of TS-1 composite consisted of silicide reinforcements (with the 
volume fraction of 48%) -Ti matrix (Fig. 6a-b). The microstructure of the 
reinforcements exhibited four layers of various intermetallic phases of different thicknesses 
surrounding non-reacted Si cores. These intermetallic layers exhibited a fine-grain substructure 
of equiaxed and columnar morphology in inner and outer silicide layers around the Si core, 
respectively (Fig. 6b). Some pores were observed inside the reinforcements along with 
frequently observed cracks oriented perpendicularly to the boundaries (Fig. 6c). 
EDX chemical microanalysis of these reinforcements from the sites (indicated in Fig. 6d) 
corresponds to the stoichiometry of TiSi2, TiSi, Ti5Si4 and Ti5Si3 silicides (Table 2). While the 
TiSi2 and TiSi phases were clearly distinguishable due to their sharp interphase boundaries, the 
contrast between the Ti5Si4 and Ti5Si3 phases was relatively poor. 
In comparison to TS-1, the microstructure of the TS-2 sample showed a lower amount of the -
Ti phase (with the volume fraction of 23%), while the silicide phases become predominant 
phase, occupying much larger area (Figs. 5, 7a-b). The silicides retained the multilayered 
structure and grain substructure as in the case of the sample TS-1, although the number of 
distinguished layers was reduced to three. The silicide layers analyzed by EDX chemical 
microanalysis corresponded to the stoichiometry of TiSi, Ti5Si4 and Ti5Si3 compounds (Table 2). 
The cracking in silicides in the composite TS-2 was less pronounced than in TS-1 (Fig. 7c), 
although many micropores could be observed within the silicide phases. 
In contrast to TS-1 and TS-2 composites, the microstructure of composite TS-3 almost entirely 
comprised of the intermetallic Ti5Si3 phase (with the total volume fraction of 89%) with no 
-Ti in the microstructure was reduced to 
isolated particles (Figs. 5, 8). It should be noted that, unlike the -Ti phase in the TS-1, TS-2 
composites, these -Ti particles showed a very fine lath substructure (Fig. 8b). 
 
Table 2. Summary of EDX point chemical microanalysis of SPS sintered Ti-Si composites. The 
places selected for chemical analysis are indicated in Figs. 6d, 7d, and Fig. 8b for the samples 
TS-1, TS-2 and TS-3, respectively. 
Composite Element Chemical composition (wt.%) in 
the measured site of corresponding phase 
1 - -Ti 2 - Ti5Si3 3 - Ti5Si4 4 - TiSi 5 - TiSi2 6 - Si 
TS-1 
Ti 93.3 72.3 68.3 54.8 43.6 0.5 
Si 6.7 27.7 31.7 45.2 56.4 99.5 
TS-2 
Ti 93.2 72.8 64.7 51.9 - - 
Si 6.8 27.3 35.3 48.1 - - 
TS-3 
Ti 91.1 71.9 - - - - 
Si 8.9 28.1 - - - - 
 
 
3.3. Mechanical properties 
The hardness values and the total silicide volume fraction for the SPS sintered Ti-Si composites 
and the reference Ti sample are shown in Fig. 9. The hardness of TS-1, TS-2 and TS-3 
composites increased gradually with higher total content of silicide phases, and was 2.5, 3.6 and 
5.6 times higher than that of the pure Ti sample, respectively.  
In Table 3, the values of hardness and elastic modulus of the individual phases observed in 
Figs. 6d, 7d and 8b are summarized. The elemental chemical composition of these phases is 
shown above in Table 2. For TS-1 composite, the hardness and elastic modulus values of -Ti 
-Ti in TP sample. Among the 
intermetallic phases, TiSi compound showed the highest values of hardness and elastic modulus. 
Considering the TS-2 composite, the hardness and elastic -Ti and detected 
intermetallic phases Ti5Si3, Ti5Si4 and TiSi were similar to that in the TS-1 sample. In contrast to 
the TS-1 and TS-2 samples, -Ti and Ti5Si3 phases in the TS-3 composite showed higher 
hardness and elastic modulus, showing a clear evidence of the influence of preprocessing of the 
initial powders by milling on the mechanical properties of SPS sintered composite. 
 
Table 3. Hardness and elastic modulus of individual phases in SPS sintered samples.  
Material H [GPa] and E [GPa] values for the corresponding phases 
1 - -Ti 
(HCP) 
2 - Ti5Si3 
(hexagonal) 
3 - Ti5Si4 
(tetragonal) 
4 - TiSi 
(rhombohedral) 
5 - TiSi2 
(rhombohedral) 






























- - - - 
 
 
Fig. 10 shows the wear rates of the reference titanium sample and the SPS sintered Ti-Si 
composites. While the wear rate of the composite TS-1 was not strongly different as compared to 
that of pure Ti, the composite TS-2 exhibited slightly higher wear resistance. The composite TS-
3 showed an extreme enhancement in the wear resistance, having 44, 42 and 33 times lower wear 
rate than those of the TP, TS-1 and TS-2 samples, respectively. Figure 11 shows coefficients of 
fiction (COF) of the studied materials as a function of experiment time. TP, TS-1 and TS-2 
samples showed a rapid initial increase and a subsequent slight increment in their COF, along 
with high variation of COF during the whole experiment. In contrast, the TS-3 composite 
showed an initial peak in COF, followed by a steady state friction with a much lower scatter in 
COF as compared to the other studied composite materials. The analysis of the wear tracks after 
the wear test (Fig. 12a-b) in the TP sample revealed multiple abrasive scratches and delaminated 
surfaces. In addition, some irregular-shaped debris in the form of particles could also be seen in 
the wear tracks surface. In the wear tracks of the TS-1 and TS-2 samples, the abrasive scratches 
were also observed along with severe cracking and chipping of silicide phases (Fig. 12 d, e, g, h). 
Conversely, the surface of the composite TS-3 showed less scratches, demonstrating much 
shallower grooves (Fig. 12 j, k), and was also covered with tribolayer. The analysis of the 
respective alumina counterparts tested in couple with TP, TS-1 and TS-2 samples revealed a 
great amount of material transfer due to the adhesion (Fig. 12 c, f, i). Unlike the other samples, 
the wear scar on the alumina counter-part of sample TS-3 contained smooth tribofilms (Fig. 12 




The present work was focused on revealing the effect of the initial powder components 
properties (particle size and morphology) on phase/microstructure formation processes and 
selected mechanical properties of SPS-manufactured Ti-Si composites using microstructural 
evaluation, instrumented indentation (for hardness and elastic modulus) 
and ball-on-disc reciprocal testing (for friction and wear properties).  
The preparation of the powder samples suitable for subsequent SPS processing was aimed at 
obtaining well-mixed blends of Ti and Si components with a variation in the particle size and 
morphology. As shown by XRD patterns, the formation of titanium silicides (as observed during 
mechanical alloying of Ti/Si3N4 powders (Li et al. 2011)) or other undesirable phases (such as 
titanium oxides, nitrides or carbides) which can strongly affect the microstructure and the 
mechanical properties of synthesized composites was avoided during the mixing/milling of the 
powders. The TS-3 mixture indicated a possible refinement and/or nano-structurization of the Ti 
and Si powder particles, as evidenced by the strong Ti and Si diffraction peak broadening and the 
decrease in the peaks intensities. This is congruent with the previous studies (Unifantowicz et al. 
2008; Shen et al. 1995) that observed nano-structurization and partial amorphization of the Si 
powder during ball milling, and could be a reason for the reduction in the amount of detected 
crystalline Si (from 20 to 15.3 wt.%). For this powder mixture, partial dissolution of Si in -Ti to 
form supersaturated solid solution, as in the case of mechanically alloyed Ti-Si powders obtained 
by Gu et al. (Gu et al. 2004) was not confirmed in our study as the values of the lattice 
-Ti were retained (dissolution of Si into Ti would have caused reduction in the 
lattice size due to the fact that the atomic radius of Si is smaller than that of Ti). The formation of 
submicron/nanosized microstructures of TS-2/TS-3 mixtures due to partial/complete milling of 
initial Ti and Si components can accelerate diffusion processes during in situ composite 
synthesis and increase the reaction degree between elemental components, thus affecting the 
resulting microstructure and the mechanical properties of composites. 
As be observed from XRD, SEM and EDX data of the SPS sintered samples, different reaction 
products can be obtained using Ti and Si initial powders of the same chemistry, but involving 
various mixing/milling procedures. Given the fact that the melting points of the reactant powders 
(Tm for Ti and Si are 1670 ºC and 1414 ºC, respectively) and the temperatures of formation of 
silicides according to the Ti-Si phase diagram (Yang et al. 2007; Massalski et al. 1986) are 
significantly higher than the used SPS processing temperatures, the synthesis of the silicide 
phases in these composites should mostly occur in a solid phase. As a result, the type of the 
forming intermetallic phases, their respective fractions and microstructural distribution are 
controlled by the mutual solid phase diffusion of the two reactants in the reaction zone within the 
interparticle space. As confirmed by previous studies on the diffusion kinetics of Ti and Si in 
silicides (Shimozaki et al. 1997; Chambers et al. 1987), Si diffusion in TiSi and TiSi2 silicides is 
predominated due to smaller atom size. Thus, the diffusion growth of intermetallic layers in Si 
powder particles is realized dominantly by the inward diffusion of Si through the silicide 
compounds. 
For the TS-1 composite, the intermetallic phases constituting the multilayered reaction zone 
between initial Ti and Si powders were produced through a series of intermediate interactions 
, which is similar to those obtained by Trambukis 
and Munir (Trambukis & Munir 1990) during self-propagating high-temperature synthesis (SHS) 
of Ti and Si powders. Cockeram and Rapp (Cockeram & Rapp 1995) also reported such 
formation of a multilayered reaction zone in the Ti Si diffusion couple maintained at 1423 K for 
14 h; however, besides the above-mentioned intermetallic compounds they also detected an 
interlayer of Ti3Si phase adjacent to a Ti substrate and a Ti5Si3 layer. The absence of Ti3Si 
compound in our study could be probably determined by the non-equilibrium conditions of SPS 
sintering due to the fast heating and short reaction time, in contrast to long exposures for a solid 
state Ti-Si diffusion couple. 
The acceleration of in situ compound synthesis during SPS is achieved for the TS-2 and TS-3 
composites due to the reduction of the particles size and the increase in the specific surface area 
of the powders. This results in a better packing of Ti and Si particles in the mixture and their 
more extensive contact area, thereby shortening the mean diffusion path and facilitating 
enhanced diffusion of Si and Ti atoms within the multilayered reaction zone. In the TS-2 
composite, this leads to a complete depletion of initial Si phase and the formation of less silicides 
via the reaction sequence: . The increased amount of the reacted Si 
results in the decrease -Ti phase and the dominance of the silicide phases in 
the microstructure of this composite as compared to TS-1 that basically means the shift from 
metallic matric composite to ceramic matrix composite structure. The cracking within some 
silicide particles in TS-1 and TS-2 composites, as shown in Figs. 5c, 6c, can be attributed to the 
development of inner stresses occurring due to large difference in the coefficients of thermal 
expansion (CTE) between the different phases as well as their elastic anisotropy along different 
crystallographic axes (Samsonov et al. 1979; Frommeyer & Rosenkranz 2004; Schneibel et al . 
2004). In this case, the stress relaxation could be accomplished partially via cracking of the 
-Ti phase. Obviously, more 
complex multilayered silicides in TS-1 composite consisting of higher number of silicide phases 
are more susceptible to cracking than those in TS-2. Also, dominant outward diffusion of Si 
atoms from the sites of former Si particles results in the formation of micropores in the silicide 
phases, so-called Kirkendall type porosity, which was previously reported for in situ synthetized 
TiAl intermetallics (Jan et al. 2015). 
In the TS-3 composite, the use of powder components of sub-micron size and with possible 
nano/amorphous substructure originated due to the ball milling resulted in the formation of 
binary mixture of Ti5Si3 and -Ti phases. In contrast to SPSed Ti-16 at.% Si compound which 
consisted of a mixture of TiSi2, TiSi and Ti5Si3 phases (Park et al. 2016), the increased reaction 
degree between the Ti and the Si powders in our study has prevented synthesis of other 
intermediate silicides, possibly due to higher sintering temperature, different milling parameters 
and the resulting difference in size and morphology of Ti/Si powders. According to Ti-Si phase 
diagram (Yang et al. 2007), the chemical composition of TS-3 composite falls into the 
hypereutectic composition range, thus it shows respective microstructural features including 
Ti5Si3 matrix and -Ti+Ti5Si3 domains with lath substructure. The formation of such 
microstructure also indicates a rather intensive diffusion processes of redistribution of 
components, which were initially homogeneously distributed in the milled Ti/Si powder mixture.  
The formation of domains -Ti phase under such conditions probably leads to the significant 
increase of its lattice parameters in comparison with -Ti in the other composites; this interesting 
fact requires further deeper structural investigation and a separate study will be devoted to its 
underlying phenomena. 
From a viewpoint of potential engineering applications, one of the key mechanical properties of 
synthesized Ti-Si composites is their high hardness, which characterizes the level of strength and 
may be correlated with their wear resistance. Hardness of the composites TS-1, TS-2 and TS-3 
progressively increased, likely as a result of the increase in the content of hard intermetallic 
phases. Such increase in hardness with an increase in the amount of the strengthening phase is 
generally observed for titanium matrix composites (Xiang et al. 2012; Kim et al. 2013; Choi et 
al. 2014; Alman & Hawk 1999) and is often connected with an improvement of their abrasive 
wear resistance. Hardness of the composite TS-3 that consists of ~90% of the intermetallic Ti5Si3 
phase is virtually approaching the hardness of pure Ti5Si3 compound, which reported values 
range from 9.1 to 12.7 GPa (Mitra 1998; Min et al. 1995; Samsonov et al. 1979; Frommeyer & 
Rosenkranz 2004) because of the differences in grain size and the presence of processing defects. 
In our case, the high hardness of TS-3 composite was achieved due to better compactness and the 
absence of processing microcracks provided by the use of the SPS technology. The obtained 
results are in good correlation with the previous studies on SPS manufactured composites which 
showed that an increase in the reaction degree by reduction of the particle size of the reactive 
powders results in a strength increase in a series of Ti-1.61(wt.%)B4C composites obtained via 
SPS process (Jia et al. 2014). 
Since the Ti-Si in situ synthesized composites in the present work possessed complex multi-
phase microstructure, it is important to know the mechanical properties of the constituent phases 
in order to predict the bulk mechanical behavior of the composites and purposefully adjust the ir 
microstructure and phase composition by changing their manufacturing parameters . Instrumented 
indentation has been recently applied for the mechanical characterization of the composites 
across a wide range of the microstructural scales (Yuan et al. 2014; Houdková et al. 2012), 
providing the possibility to record the basic mechanical properties (hardness, elastic modulus) of 
the individual composite constituents. To our best knowledge, no instrumented indentation data 
for Ti5Si3, Ti5Si4, TiSi and TiSi2 phases can be found in the literature. Among the available data 
on the mechanical properties of silicides, the data obtained by Frommeyer et al. (Frommeyer & 
Rosenkranz 2004) for bulk TiSi2 compound (H = 8.53±0.15 GPa, E = 256±10 GPa) were in 
agreement with the values of hardness and elastic modulus obtained from the load-displacement 
curves in this study. Also, the indentation hardness of the Ti5Si3 phase was similar to that of fine-
grained and microcrack-free Ti5Si3 processed by mechanical alloying and hipping 
(H = 17.1±0.7 GPa) (Thom et al. 1992). The indentation of the reinforcements cores which 
correspond to non-reacted Si gave the values of hardness and elastic modulus 
(H = 12.2±1.0 GPa, E = 159±11 GPa) that were close to those obtained earlier by Jang et al. 
(Jang et al. 2005) (H = 11.5-12.5 GPa, E = 160 GPa). The somewhat surprising high values of 
hardness and elastic modulus of the -Ti phase in the composite TS-3 may actually represent the 
composite properties -Ti+Ti5Si3 lath structure, whose phase and microstructural features 
were discussed above. This -Ti+Ti5Si3 lath structure was very fine that even at relatively low 
indentation force of 50 mN two phases have always been indented, so it was not possible to 
measure the properties of individual phase constituents.  
Because sliding contact occurs in many engineering applications, another focus of the presented 
study was the evaluation of tribological properties of the in situ synthesized Ti-Si composites. 
Interestingly, analysis of wear and friction data revealed that the wear resistance of the Ti-Si 
composites was not directly related to the content of hard phases or composite average hardness. 
This is specifically demonstrated by the marked difference in the wear resistance of the TS-3 
sample and the other produced Ti-Si composites. Such tribological behavior is not consistent 
with what is typically observed for titanium matrix composites reinforced with hard phases, 
which show progressive decrease in their wear rates and COF with a gradual increase in the hard 
phases content and, accordingly, composite average hardness (Kim et al. 2013; Kim et al. 2011). 
The main reason for this phenomenon lies in the significant difference in the wear mechanisms 
of the tested Ti-Si composites. SEM analysis of the worn sample surfaces revealed that the 
dominant wear mechanism for TS-1 and TS-2 composites was abrasive wear due to the 
formation of wear debris. The formation of the wear debris occurred mostly through the cracking 
and spalling of the complex multiphase silicide reinforcements which have  low mechanical 
stability at high contact loads during sliding and further contain a network of inner microcracks. 
The generated wear debris gets entrapped between the mating surfaces, producing severe third-
body abrasive action and preventing the formation of protective oxide tribofilms. Such oxide-
rich tribofilms are observed to develop on the friction surfaces of titanium matrix composites 
during sliding (Sun et al. 2010; Xu et al. 2015) under certain experiment conditions (load and 
sliding speed). They mainly consist of mechanically mixed and oxidized wear debris from the 
composite constituents (both matrix and reinforcement phases), forming well-consolidated layers 
on the mating surfaces. In that way, the direct contact of sample and counter-part friction 
surfaces is transformed to a contact between tribofilms, which is accomplished through the low-
shear-strength junctions at the contact interface that give antifriction property and protection 
against excessive abrasive wear and delamination. In the case of TS-1 and TS-2 composites, 
protective tribofilms could not form due to their continual removal with wear debris, though 
some amount of material transfer due to adhesion of the Ti phase to the counter-part was 
detected on the counter-part surfaces (Fig. 12g, j). The formation of similar transferred material 
patches was previously associated with high fluctuations in COF in pure Ti and Ti-Si-Zr alloys 
(Dong & Bell 2000; Tkachenko et al. 2014). Less susceptibility to cracking of the silicides in the 
composite TS-2 as compared to TS-1 resulted in a slightly lower wear rate due to less intensive 
three-body abrasive wear. However, both TS-1 and TS-2 composites in general showed wear 
rates similar to that of pure Ti, which revealed a dominant wear mechanism as a well-recorded 
combination of abrasive and oxidation wear (Anon 2015). 
In the case of the TS-3 composite, high mechanical stability and the absence of cracks in the 
silicide phase enabled the formation of protective tribofilms on both mating surfaces of the 
sample/counter-part tribocouple (Fig. 12 l, m). The tribofilm formation may probably occur at 
the onset of the friction process accompanied by the COF increase, when under the applied 
contact pressure, the Ti5Si3 and Ti phases get strained to the contact interface and undergo 
multiple mechanical mixing and associated oxidation during subsequent friction. As a result, 
well-consolidated tribofilms with high covering percentage, consisting mainly of the 
mechanically mixed Ti-Si oxides, are formed on both counter-parts and prevent their direct 
contact. These oxide-rich tribofilms, consisting of the mixed oxide wear debris and being 
relatively soft and flowable during sliding friction due to high porosity (Huang et al. 2007), 
effectively support low and stable friction behavior of the TS-3 composite along with its 
remarkable wear resistance as compared to the rest of studied materials. In this context, in order 
to obtain high wear resistance and stable friction behavior, the microstructure of the TS-3 
composite with higher mechanical stability and ability to form protective tribofilms is preferred 
over the complex multiphase microstructures of TS-1 and TS-2 composites, which are 
susceptible to cracking and formation of highly abrasive wear debris during sliding . 
The presented results on the mechanical performance of SPS sintered Ti/Si composites indicate 
their high versatility depending on the compacts microstructure, which changed from metal 
matrix type in TS-1 to ceramic matrix type in TS-2 and TS-3 composites. This greatly extends 
the application potential of these composites, enabling a possible use as load-bearing and wear 
resistant materials. It should, however, be noted that strengthening by brittle phases generally 
introduces a significant reduction in crack resistance, inherent mainly to ceramic matrix 
composites. A separate, extended study on evaluation of fracture toughness of the fabricated 
Ti/Si composites is currently in progress. 
 
5. Conclusions 
In this work, spark plasma sintering was successfully employed to fabricate a series of 
titanium-silicide composites from Ti-20wt.%Si powder mixtures with different parameters of 
powder feedstock in terms of the respective particle sizes and morphology. The composite 
microstructure development involved in situ intermetallic formation due to solid state chemical 
reactions between the Ti and Si particles and their further densification during SPS. The use of 
the powder mixture with coarse initial Ti and Si particles has resulted in the formation of Ti 
matrix composite reinforced with complex multiphase silicides that were composed of 
successive layers of Ti5Si3, Ti5Si4, TiSi, TiSi2 and pure Si cores. The shift from metallic matrix 
to ceramic matrix composite occurs when using a powder blend with finer Si particles (1-10 
µm). This results in the development of composite microstructure of ceramic matrix, which 
comprises the mixture of Ti5Si3, Ti5Si4, TiSi compounds, and Ti phase reinforcements. The use 
of jointly milled finer Ti and Si powders (with the size below 1 µm) led to the formation of 
Ti5Si3 compound almost throughout the entire sample volume that resulted in a sharp hardness 
increase. The sintered composites showed improved hardness and wear resistance in comparison 
to pure Ti, which is due to high content of intermetallic phases with high hardness and elastic 
modulus evaluated by means of instrumented indentation. The most interesting material for 
potential engineering applications is the composite with the microstructure consisting of a 
mixture of Ti5Si3 -Ti phases, which possess both high hardness, remarkable wear resistance 
and stable friction under dry reciprocating sliding. The formation of multiphase silicides, as 
observed in other Ti-Si composites, is undesirable due to deterioration of friction and wear 
characteristics of the composite, since these complex layered phases serve as a source of abrasive 
particles due to spalling during wear testing.  
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Figure 1. Unified pressure and temperature development used in the SPS compaction process.  
Figure 2. XRD patterns of prepared powder mixtures (a) TS-1, (b) TS-2 and (c) TS-3 prior to 
sintering. 
Figure 3. SEM SE micrographs (left) and EDX element mapping of Ti (middle) and Si (right) of 
(a-c) TS-1 powder mixture, (d-f) TS-2 powder mixture, and (g-i) TS-3 powder mixture. 
Figure 4. XRD patterns of SPS sintered Ti-Si samples by SPS (a) TP, (b) TS-1, (c) TS-2, and (d) 
TS-3. 
Figure 5. Phase content of the sintered Ti-Si composites determined by Rietveld analysis of the 
XRD patterns. 
Figure 6. SEM BSE micrographs (a-d) and EDX elemental mapping for Ti (e) and Si (f) in the 
area observed in (d) of the composite TS-1. Frequently observed cracks in the silicide phases 
surrounding the Si reinforcement particles are indicated with white arrows in (c).  
Figure 7. SEM BSE micrographs (a-d) and EDX elemental mapping for Ti (e) and Si (f) in the 
area observed in (d) of the composite TS-2. Observed cracks in the silicide phases are marked 
with white arrows. 
Figure 8. SEM BSE micrographs (a-b) and EDX elemental mapping for Ti (c) and Si (d) in the 
area observed in (b) of the composite TS-3. 
Figure 9. Hardness and total silicide content of sintered samples. 
Figure 10. Wear rates of SPS sintered samples. 
Figure 11. Coefficient of friction as a function of experiment time for (a) TP, (b) TS-1, (c) TS-2 
and (d) TS-3 SPS samples. 
Figure 12. Micrographs of the wear tracks on (a, b) TP, (d, e) TS-1, (g, h) TS-2 and (j, k) TS-3 
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